High power, relativistic electron beams from energy recovery linacs have great potential to realize new experimental paradigms for pioneering innovation in fundamental and applied research. A major design consideration for this new generation of experimental capabilities is the understanding of the halo associated with these bright, intense beams. In this Letter, we report on measurements performed using the 100 MeV, 430 kWatt CW electron beam from the energy recovery linac at the Jefferson Laboratory's Free Electron Laser facility as it traversed a set of small apertures in a 127 mm long aluminum block. Thermal measurements of the block together with neutron measurements near the beam-target interaction point yielded a consistent understanding of the beam losses. These were determined to be 3 ppm through a 2 mm diameter aperture and were maintained during a 7 hour continuous run. At present, there is significant interest [6] in the possibility to utilize Megawatt power electron beams from ERLs at energies of order 100 MeV on windowless gas targets to carry out new types of experiments to explore subatomic matter at low momentum transfers. The measurements reported here are motivated by the optimal design of the proposed DarkLight experiment [7] at the Jefferson Lab Free Electron Laser (FEL), which will search for a new boson beyond the Standard Model with a mass in the range 10 to 100 MeV/c 2 . This type of experiment demands a thick, windowless, gas target which can be achieved by flowing gas through low conductance apertures with transverse dimensions of order millimeters. The target gas leaking through these tubes would be pumped away in stages to maintain vacuum in the beam pipes. To minimize the size and cost of these vacuum pumps and to maximize the gas target density, the tube diameters need to be minimized. At the same time, beam losses in traversing the tubes need to be kept extremely small to minimize background. The experiment is feasible only if the power losses of the Megawatt electron beam as it traverses these narrow conductances is tolerable and the resulting background rates are manageable.
The Energy Recovery Linear Accelerator (ERL) [1] offers significant advantages for delivery of relativistic electron beams for research: low emittance, small spatial size, high brilliance, and high power. Successful operation of an ERL based on superconducting RF [2] has sparked interest over the last decade in groups worldwide to seriously pursue ERL technology for new applications. These include light sources [3] , electron-ion colliders [4] , and the delivery of electron beams to cool high energy hadron beams [5] .
At present, there is significant interest [6] in the possibility to utilize Megawatt power electron beams from ERLs at energies of order 100 MeV on windowless gas targets to carry out new types of experiments to explore subatomic matter at low momentum transfers. The measurements reported here are motivated by the optimal design of the proposed DarkLight experiment [7] at the Jefferson Lab Free Electron Laser (FEL), which will search for a new boson beyond the Standard Model with a mass in the range 10 to 100 MeV/c
2 . This type of experiment demands a thick, windowless, gas target which can be achieved by flowing gas through low conductance apertures with transverse dimensions of order millimeters. The target gas leaking through these tubes would be pumped away in stages to maintain vacuum in the beam pipes. To minimize the size and cost of these vacuum pumps and to maximize the gas target density, the tube diameters need to be minimized. At the same time, beam losses in traversing the tubes need to be kept extremely small to minimize background. The experiment is feasible only if the power losses of the Megawatt electron beam as it traverses these narrow conductances is tolerable and the resulting background rates are manageable.
The measurements reported here were carried out using the 100 MeV electron beam from the ERL at the 3F region on the IR beamline at the FEL facility at the Jefferson Laboratory with the apparatus shown schematically in Fig. 1 . At a modified section of the FEL beam (see Fig. 1 ) between two quadrupole triplets, a remotely controllable aperture block made of aluminum containing three apertures of 2, 4, and 6 mm diameter and 127 mm length For ease of illustration, the drawing is not to scale.
Minimal size of the core beam at the aperture was achieved by two alternate-gradient quadrupole triplets up-and down-stream of the aperture, producing a "mini-beta" region of After optimizing the beam transmission through the apertures, four runs were taken, as summarized in Table I . There were two runs, Nos. The power P B deposited by the beam in the aperture block is
where c p m = 917 Joule/ o C and ( dT dt ) block are the heat capacity and the rate of change of block temperature, respectively. P C is the power lost from the block through heat conduction and radiation to the beam pipe.
From the cooling data (Fig. 3) , we found an exponential cooling time τ = 375 min and a base temperature of T o = 27.2 o C. The integrated beam energy deposited in the block during a run from time t 1 to t 2 is then
where ∆T = T (t 2 ) − T (t 1 ) is the temperature rise during the run time ∆t = t 2 − t 1 and T ave is the average temperature during the run. The temperature rise ∆T and the average temperature T ave , deposited power P B , and beam power P b as well as the total charge and average beam current for each run are summarized in Table I . The neutron dose rates R n plotted versus the block power P B are shown in Fig. 4 .
From the plot in Fig. 4 , a linear relation was deduced of the form
where the straight-line intercept P W ≈ 0.5 W was interpreted as the power deposited by the wake fields of the beam. Since the r.m.s. width of the beam at the aperture was less than about 0.1 mm or ten times smaller than the 2-mm aperture, it is reasonable to assume that the wake fields are largely governed by the bunch charge and time structure of the beam which was kept fixed throughout all four transmission runs.
As FLUKA simulations have shown that only about 50% of the total power of the intercepted beam halo is deposited in the block, this power, P H , is about twice the difference between P B and P W such that
In order to compare this measured flux with theoretical predictions, the neutron flux expected at the neutron detector from a beam halo of power P H hitting a simplified aperture block placed inside a thick steel beam pipe was modeled using the MCNP code [11] . The resulting neutron flux density was
The corresponding neutron energy spectrum was folded numerically with the response function (effective dose conversion factor) c n of the neutron detector [12] , both shown in Fig. 5 which yielded an average value for c n of about 320 pSv cm 2 . Multiplying this value with the expected neutron flux density of eqn. (5), we obtained an expected dose rate of
which is about 15% below the measured value of eqn. (4). Applying the same relation R n (P B , P W ) of eqn. (4) to runs 1 and 2 for 6 mm and 4 mm apertures, the resulting wake field powers P W deposited are 0.1 W for the 4 mm and 0.08 W for the 6 mm aperture. 
